unknown consequences. The direct use of seawater is, therefore, more attractive, but it also poses major challenges since seawater contains ions that adversely affect mineral recoveries. In particular, in the flotation of sulphide ores in seawater, the floatability of molybdenite is depressed (Castro, 2012; Laskowski, Castro, and Ramos, 2014) . Copper recovery in flotation plants is usually in the range of 81-85% (Monardes, 2009 ), but even small improvements are important considering the large quantities of ores that are treated. Flotation of valuable minerals is assisted by the addition of several types of reagents, the most important of which are collectors. For example, there are thiol collectors such as xanthates, dithiophosphates, thiocarbamates, and mercaptans (Veki, 2013) . The primary objective of a collector is to adsorb onto the mineral surface to impart a hydrophobic character, while keeping gangue minerals in a hydrophilic form. Additionally, bubble coalescence in any saline water is hindered. Bournival, Pugh, and Ata (2011) noted that the effects of dissolved salts are still not understood, and the exact mechanism is a matter of debate. Nevertheless, in highly saline media, the bubble size is influenced mainly by inorganic electrolytes, and the frother has only a minor effect (Laskowski, Castro, and Ramos, 2014) . This is an important issue, considering that frothers might adsorb onto the hydrophobic mineral surfaces, decreasing their floatability (Kursun, 2014 ).
An essential requirement in sulphide flotation is to achieve a good level of pyrite depression, since pyrite diminishes the quality of the concentrate and increases the quantity of sulphur compounds produced in the base metal extraction processes. Pyrite depression is usually reached at highly alkaline conditions An improved flotation test method and pyrite depression by an organic reagent during flotation in seawater by R.I. Jeldres*, D. Calisaya*, and L.A. Cisternas* Flotation of copper-molybdenum sulphide ores in seawater entails critical challenges such as selective recovery of molybdenite, effective pyrite depression, and reducing the lime addition required to reach highly alkaline conditions. It is essential that laboratory flotation tests aimed at solving these problems give reliable, reproducible results and indicate the correct approach for industrial operations. Rougher flotation of coppermolybdenum sulphide ores in seawater was investigated using two different cells: a modified Denver cell and a standard commercial cell. The effect of an organic reagent on the flotation performance was tested, and the fast/slow-floating model was used to describe the results. The modified Denver cell significantly improved the reproducibility of the flotation test results, due to technological enhancements such as the impeller being driven from below without a stator, which enables the whole froth surface to be scraped with a paddle at a constant depth and rate. Organic reagents are a promising alternative to inorganic reagents for depressing pyrite in seawater. However, further studies should be conducted to investigate their impact on molybdenite recovery, as well as to evaluate the possibility of depressing pyrite after molybdenite separation. The fast/slow-floating model was found to be appropriate for describing the flotation kinetics of the copper-molybdenum ores. The parameters are useful for comparing the performance at different conditions.
(pH above 10.5), wherein the pyrite surface is covered by hydrophilic iron oxides such as Fe(OH) 3 , Fe(OH) 2 , or α-FeOOH (Wang, 1989; Mermilled-Blondin et al., 2005) . A high pH is commonly attained by lime addition, but the required amount is excessive due to the buffering effect of seawater, which increases the lime consumption by 5-10 times compared to fresh water (Castro, 2012; Veki, 2013) . However, at pH values over 10.5, both calcium and magnesium ions form colloidal hydroxides, carbonates, and sulphates, which are detrimental for the recovery of molybdenite, and the quality of the concentrate is reduced (Castro and Laskowski, 2011; Ramos, Castro, and Laskowski, 2013; Jeldres et al., 2017) . Some researchers have proposed that these complexes might precipitate onto the molybdenite surfaces and render them hydrophilic (Parraguez, Bernal, and Cartagena, 2009; Lucay et al., 2015) . For this reason, operating rougher flotation at pH values lower than 9 to avoid MoS 2 depression has been recommended, with pyrite depression by alternative reagents. In this regard, the use of inorganic depressants such as cyanides, sulphites, or ferrocyanides has raised concerns on environmental grounds. Therefore, organic polymers have been studied, in view of their natural, biodegradability and non-toxicicity (Lopez-Valdivieso et al., 2004; Bicak et al., 2007; Liu et al., 2009; Bulut et al., 2011; Koleini, Abdollahy, and Soltani, 2012; Sarquís et al., 2014; Mu, Peng, and Lauten, 2015) . However, there is currently a lack of knowledge about the interaction between these additives and solid surfaces in highly saline environments. Some studies have shown that reagent behaviour in saline solutions depends on the type of salt in solution (maker or breaker), and the electrical charge of both the solid surface and the reagents (Hancer, Celik, and Miller, 2000; Jeldres et al., 2014) . For a complete review of the use of saline water and seawater in flotation, see Jeldres, Forbes, and Cisternas (2016) .
Consequently, the objectives of this paper are to (i) evaluate the rougher flotation of copper-molybdenum sulphide ores in seawater with different reagents, including an organic pyrite depressant, and (ii) compare the reproducibility of the results using two types of flotation cell: a modified Denver cell and standard commercial cell. The CSIRO has developed a novel flotation cell that corresponds to a modified Denver cell. The impeller and shaft are driven from below the cell, which allows the whole surface of the froth to be scraped with a paddle at constant depth and rate (Forbes, Davey, and Smith, 2014) . The cell is fitted with a rubber diaphragm, sight tube, and electronic sensor for automatic detection and control of the pulp level (Forbes, Davey, and Smith, 2014) . Koh and Smith (2011) have used computational fluid dynamics (CFD) to describe the effect of stirring speed in this cell. Finally, a new parameter obtained from the fast/slow-floating model is proposed as an indicator of the 'global flotation performance.'
Seawater flotation of copper-molybdenum sulphide minerals was carried out in two different flotation cells: (i) the modified Denver cell developed by CSIRO, and (ii) a standard commercial cell. The impact of various reagents, including an organic pyrite depressant, was investigated. Finally, the flotation kinetic was modelled by using the fast/slow-floating model. All tests were performed in duplicate to ensure good reproducibility of the results. Seawater from the coast in the vicinity of Antofagasta, Chile was used. Its composition is shown in Table I .
Copper-molybdenum sulphide ore samples were acquired from a mining operation in the Antofagasta region. Chemical analysis indicated that the elemental composition was Cu: 0.55%, Mo: 0.010%, Fe: 4.26%. Chalcopyrite is the main copper-bearing mineral.
Two different set of reagents, based on xanthate (set 1) and isothiazole (set 2) as primary collectors, were tested (Table  II) . The best option set (set 1) was used to evaluate the effect of an organic pyrite depressant obtained from corn (Oxi 300, 50 g/t).
The ore was ground in a ceramic mill for 11.9 minutes to a size distribution of P 80 <170 μm. The ground samples were transferred into the batch cell and made up to a volume of L 500 VOLUME 117 2750 ml, giving a flotation pulp density of 30 wt%. The reagents were all added 5 minutes before the start of flotation. The flotation gas was air at a flow rate of 8 l/min, producing 0.70 cm/s superficial air velocity. Froth depth of the order of 1 cm was scraped every 10 seconds during the test, and the concentrate was collected in trays.
The fast/slow-floating particles model was used to describe the flotation kinetics. The model is expressed as:
[ 1] where R(t) is the recovery as a function of time t, is the fraction of flotation components with a fast rate constant, and k f and k s are the rate constants for fast and slow components respectively. The parameter K is defined as:
where n is a weighting index for the flotation rate constants. In this work, n = 0.1. Besides the modified flotation parameter defined by Ucurum and Bayat (2007) , the indicator K defined here is useful for selecting the optimum flotation performance since it describes the global flotation performance, considering both maximum recovery and flotation rate. Note that to obtain the indicator K all the parameters in Equation [1] are used.
The Effronís pseudo-R-squared measured was used as goodness of fit (GoF), that is, [3] where N is the number of data values and R̅ the mean of R. Predicted flotation kinetic curves from each model were compared with the experimental data.
The buffering effect of seawater (Figure 1 ) starts at pH 10.2, and the CaO and NaOH consumption is strongly increased, discouraging operation at this condition. It is also observed that at pH approximately 11, around 25% more CaO than NaOH is required. Additionally, the recovery of molybdenum is poor (Figure 2 ). Therefore the usual strategy entails maximizing the copper and molybdenum recoveries in the rougher stage, working at a pH near 8, and rejecting the pyrite in the rougher concentrate in the cleaner stage.
The effects of two primary copper collectors (Oxi 2650 and Oxi 320B) on seawater flotation of chalcopyrite, molybdenite, and pyrite were compared. A secondary collector (Oxi 41) and frother (Oxi 92) were also incorporated (details in Table  II) . The experiments were performed at natural pH because this condition maximizes Cu and Mo recoveries. All tests were conducted in duplicate to ensure good reproducibility.
Good recoveries of Cu and Mo were achieved, and the flotation kinetics were similar for both set of reagents. The chalcopyrite recovery after 12 minutes' flotation was 89.2% for reagent set 1, and 89.5% for set 2 (Figure 3 ). For molybdenum, the recoveries were 79.6% for set 1 and 80.3% for set 2 (Figure 4) . The pyrite recoveries were 33.9% for reagent set 1 and 36.6% for set 2 ( Figure 5 ).
An improved flotation test method and pyrite depression by an organic reagent 501 VOLUME 117 L An improved flotation test method and pyrite depression by an organic reagent Rougher flotation in seawater at natural pH offers promising benefits since a meaningful Mo recovery is obtained, and excessive lime consumption is avoided. However, at this condition, pyrite does not oxidize; it remains hydrophobic and reports to the concentrate, decreasing the concentrate grade. Therefore, finding new pyrite depressants would confer an advantage. A recommendable option is the use of organic reagents (López-Valdivieso et al., 2004; Bicak et al., 2007; Sarquís et al., 2014 ).
An organic pyrite depressant obtained from corn (Oxi-300, 100 g/t) was incorporated in reagent set 1. The flotation results are presented in Figures 6-8 . Figure 6 shows that Oxi-300 improves the flotation kinetics of copper slightly, but the ultimate recovery is similar with and without Oxi-300. Moreover, the recovery of pyrite after 12 minutes is reduced by 12.2% (from 38.5% to 26.3%) by the addition of Oxi-300 (Figure 8 ). This encouraging result shows that organic pyrite depressants can be applied not only in fresh water, but also in seawater. However, Figure 7 indicates that this reagent has a detrimental effect on molybdenum floatability; the molybdenum recovery after 12 minutes for reagent set 1 was 78.1%, decreasing to 71.0% in the presence of Oxi-300. Thus, although the use of organic reagents might be considered for pyrite depression in seawater flotation, further studies should be conducted to investigate the impact on the molybdenite recovery. Another alternative that should be explored is pyrite depression after molybdenite separation. Figure 9 shows the standard deviations for the recoveries of Cu, Mo, and Fe after 12 minutes' flotation in the modified Denver cell and the commercial cell. Interestingly, higher standard deviations were always assigned to the conventional flotation cell, indicating that the experiments performed in the modified Denver cell have better reproducibility. This might be explained by the impeller and shaft configuration in the modified Denver cell, which are driven from below the cell, allowing the whole froth surface to be scraped with a paddle at a constant depth and rate. The automatic pulp level detection and control may also contribute to the reliability of the tests. Figures 10 and 11 show the fast/slow-floating model fitting (Equation [1] ) for the flotation of copper in the modified Denver cell and commercial cell, respectively. The model was applied to all the tests previously reported, and the parameters are summarized in Tables III and IV. The fast/slow-floating model captures very well the experimental data, and for all cases the goodness of fit (GoF) was higher than 0.999. The parameters obtained from the model (Tables III and IV) are used to calculate the indicator K (Equation [2] ), which represents the flotation kinetic global performance and includes both flotation rate and maximum recovery.
From Table III it is seen that K is very similar for Cu and Mo flotation kinetics. However, a small difference is noted for Fe, where K indicates that the global floatation performance is higher with reagent set 2.
The values of K obtained for the tests in the commercial cell (Table IV) indicate that the flotation kinetics of copper are benefited by the organic pyrite depressant, since K increased from 86.9 to 93.0. In the case of molybdenum, K was reduced from 81.3 to 76.7, indicating that the organic reagent has a detrimental effect on global flotation performance. Moreover, it is proved that the reagent promotes pyrite depression, since K decreased from 39.5 to 28.4.
The fast/slow-floating model is thus appropriate to describe the flotation kinetics of copper-molybdenum ores in An improved flotation test method and pyrite depression by an organic reagent VOLUME 117 
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